Spinola, mBio 5:e01081-13, 2014, http://dx.doi.org/10.1128/mBio.01081-13) suggested that H. ducreyi encounters growth conditions in human lesions resembling those found in stationary phase. However, how H. ducreyi transcriptionally responds to stress during human infection is unknown. Here, we determined the H. ducreyi transcriptome in biopsy specimens of human lesions and compared it to the transcriptomes of bacteria grown to mid-log, transition, and stationary phases. Multidimensional scaling showed that the in vivo transcriptome is distinct from those of in vitro growth. Compared to the inoculum (mid-log-phase bacteria), H. ducreyi harvested from pustules differentially expressed ϳ93 genes, of which 62 were upregulated. The upregulated genes encode homologs of proteins involved in nutrient transport, alternative carbon pathways (L-ascorbate utilization and metabolism), growth arrest response, heat shock response, DNA recombination, and anaerobiosis. H. ducreyi upregulated few genes (hgbA, flp-tad, and lspB-lspA2) encoding virulence determinants required for human infection. Most genes regulated by CpxRA, RpoE, Hfq, (p)ppGpp, and DksA, which control the expression of virulence determinants and adaptation to a variety of stresses, were not differentially expressed in vivo, suggesting that these systems are cycling on and off during infection. Taken together, these data suggest that the in vivo transcriptome is distinct from those of in vitro growth and that adaptation to nutrient stress and anaerobiosis is crucial for H. ducreyi survival in humans.
T
he Gram-negative bacterium Haemophilus ducreyi is the causative agent of the sexually transmitted disease chancroid. Chancroid facilitates the acquisition and transmission of human immunodeficiency virus type 1 (1) . Although the global prevalence of chancroid has declined due to syndromic management of genital ulcer disease, the disease is still prevalent in several regions of Africa, Latin America, and Asia (2) . In addition to causing chancroid, H. ducreyi now is recognized as a leading cause of nonsexually transmitted cutaneous ulcers in children in regions of the South Pacific islands and equatorial Africa where yaws is endemic (3) (4) (5) . Strains that cause cutaneous ulcers are almost genetically identical to the genital ulcer strain 35000HP and likely evolved from the 35000HP lineage ϳ180,000 years ago (6, 7).
The molecular pathogenesis of H. ducreyi 35000HP has been extensively characterized in a human challenge model (8) . In this model, H. ducreyi is inoculated into the skin of healthy adults via puncture wounds made by an allergy-testing device. Within 24 h of inoculation, collagen and fibrin are deposited in the wounds; polymorphonuclear leukocytes (PMNs) and macrophages traffic onto collagen and fibrin, forming micropustules (9, 10) . By 48 h, the micropustules coalesce to form an abscess, which eventually ulcerates through the epidermis (9, 10 ). In the abscess, H. ducreyi is found in aggregates and colocalizes with PMNs and macrophages, which fail to ingest the organism. Thus, H. ducreyi must overcome a variety of stresses, including toxic products released by phagocytes, the bactericidal activity of serum that transudates into the wound, the hypoxic and nutrient-limited environment of an abscess, and the presence of host signaling molecules, such as cytokines and chemokines, to establish infection.
Multiple stress response systems usually are employed by Gram-negative pathogens to adapt to environmental changes. Of those systems, the H. ducreyi genome contains homologs of the envelope stress response regulators CpxRA and RpoE, the stringent-response regulators (p)ppGpp and DksA, and the general posttranscriptional regulators Hfq and CsrA (11) (12) (13) (14) (15) (16) . Although CpxR is dispensable for human infection, the activation of CpxR by the deletion of cpxA renders H. ducreyi avirulent in humans (17, 18) . The activation of CpxR primarily downregulates enve-lope-localized targets, including 7 virulence determinants, each of which is required for human infection, while the activation of RpoE primarily upregulates factors associated with membrane repair and maintenance (11, 12) . Thus, CpxRA and RpoE play complementary roles in combating membrane stress in H. ducreyi.
In vivo, pathogenic bacteria sometimes encounter growth conditions similar to those found in stationary phase, which is characterized by growth arrest owing to nutrient limitation and exposure to other stresses (19, 20) . Consistent with this idea, the doubling time of H. ducreyi during exponential growth in broth is approximately 2 h, but the estimated minimal doubling time of H. ducreyi in human lesions is 16.5 h (21). Although the rates at which individual H. ducreyi organisms grow and are cleared in vivo are unknown, these data suggest that H. ducreyi spends some portion of its lifetime in vivo in a state similar to that of stationaryphase cells. Several lines of data support this hypothesis. Genes in the flp-tad and lspB-lspA2 operons, which are absolutely required for pustule formation in humans, are upregulated in stationary phase compared to their levels in mid-log phase (13) . The RNAbinding protein Hfq is absolutely required for virulence in humans and is a major regulator of stationary-phase gene expression and virulence determinants in H. ducreyi (13) . The stringent-response mediators (p)ppGpp and DksA are partially required for pustule formation in humans and have more profound effects on gene expression in stationary-phase cells than in mid-log-phase cells (14, 15) . Similarly, the RNA-binding protein CsrA is partially required for virulence in humans and has a more profound effect on resistance to oxidative stress and macrophage killing in stationary-phase cells than in mid-log cells (16) .
Using selective capture of transcribed sequences (SCOTS), our laboratory previously identified H. ducreyi genes preferentially expressed during human infection relative to mid-log-phase cells, which are used to infect human volunteers (22) . This study identified several genes involved in heat shock response, DNA damage repair, and nutrient transport as being enriched in vivo (22) . However, SCOTS is not quantitative and only identifies enriched transcripts. Thus, the molecular mechanisms that H. ducreyi utilizes to adapt to the in vivo environment are not fully understood.
In the present study, we profiled the genome-wide transcriptome of H. ducreyi during experimental human infection using RNA sequencing (RNA-Seq) and compared it to the transcriptomes of mid-log-, transition-, and stationary-phase cells. The study was undertaken to address three important but unanswered questions. Does the in vivo transcriptome resemble that of any phase of in vitro growth, especially stationary phase? How does H. ducreyi change its transcriptional profile from mid-log-phase growth to adapt to the environment of an abscess? Are the transcriptomes controlled by CpxRA, RpoE, Hfq, (p)ppGpp, and DksA, which regulate the expression of virulence determinants and adaptation to membrane and nutrient stress, differentially expressed in vivo?
MATERIALS AND METHODS
Bacterial strains and culture conditions. H. ducreyi strain 35000HP was used in the present study. 35000HP was isolated from a volunteer who was experimentally infected on the arm with strain 35000 (23) . 35000HP was grown on chocolate agar plates supplemented with 1% IsoVitaleX at 33°C with 5% CO 2 or in gonococcal (GC) broth supplemented with 5% fetal bovine serum (HyClone), 1% IsoVitaleX, and 50 g/ml of hemin (Aldrich Chemical Co.) at 33°C. For both the human challenge and in vitro transcriptome experiments, the bacteria were grown under good laboratory practice conditions using identical lots of medium components, as required by the FDA (BB-IND 13064).
Biopsy specimen collection. Biopsy specimens of endpoint pustules infected with 35000HP were obtained from four healthy adult volunteers who participated in csrA and relA spoT mutant-parent trials (15, 16) . Demographics of the volunteers, inoculation doses, and duration of infection are described in Table 1 . The harvested biopsy specimens were submerged in 2 ml of RNAlater and incubated at room temperature for 30 min. Following incubation, the specimens were either processed for RNA isolation immediately or stored at Ϫ80°C for 2 to 3 days before processing.
RNA isolation and quality assessment. The biopsy specimens were homogenized by using a mini-beadbeater (Biospec Products). Total RNA was extracted from the homogenized tissue using an RNeasy fibrous tissue minikit according to the manufacturer's instructions. RNA was treated twice with Turbo DNA-free DNase (Ambion). The integrity and the concentration of RNA were determined using an Agilent 2100 Bioanalyzer (Agilent Technologies) and a NanoDrop ND-1000 spectrophotometer (Thermo Scientific), respectively. The efficacy of DNase treatment and the functionality of RNA were confirmed by PCR and reverse transcription-PCR (RT-PCR) analyses, respectively, of dnaE using the QuantiTect SYBR green RT-PCR kit (Qiagen).
rRNA depletion. The removal of human and bacterial rRNA was performed using the Ribo-Zero gold rRNA removal kit (epidemiology) (Epicentre Biotechnologies) by following the manufacturer's instructions. The removal of rRNA was confirmed using an Agilent 2100 Bioanalyzer.
RNA-Seq analysis. The RNA samples were subjected to RNA-Seq exactly as described previously (14) . To obtain relative gene expression levels, the H. ducreyi gene expression in biopsy specimens was compared to that of H. ducreyi grown in vitro to mid-log, transition, and stationary growth phases. RNA-Seq data can be affected by library preparation and sequencing platforms (24) ; therefore, we used historical data sets of in vitro transcriptomes in which 35000HP was grown in media and under conditions identical to those used in the human challenge experiments and in which RNA-Seq was done by following a methodology identical to that used for the biopsy specimens (14) .
Since the numbers of reads obtained from the broth-grown bacteria were far greater than the bacterial reads in the biopsy specimens, the expression level for each gene was normalized to the total number of reads that mapped to the H. ducreyi genome. To assess the global similarities in transcriptional profiles between different in vivo and in vitro conditions, a multidimensional scaling plot was generated using edgeR (25) . To deter- mine if the global transcriptional profiles between different in vivo and in vitro conditions were significantly different from one another, a permutational multivariate analysis of variance (PERMANOVA) was performed using PAST 3.10 (26) . Genes that were differentially expressed between in vivo and in vitro conditions were identified using a prespecified false discovery rate (FDR) of Յ0.1 and 2-fold change as the criteria (11) . The differentially expressed genes were classified using features from the recently reannotated 35000HP genome (NCBI reference sequence accession number NC_002940.2; http://www.ncbi.nlm.nih.gov/nuccore/NC_0029 40.2) and the COG database (27) . Chi-square analysis was performed to assess if the observed overlap between the genes differentially expressed in vivo and those regulated by CpxR, RpoE, Hfq, (p)ppGpp, and DksA were statistically significant (11) (12) (13) (14) .
qRT-PCR analysis. Quantitative RT-PCR (qRT-PCR) was performed using the QuantiTect SYBR green RT-PCR kit (Qiagen) in an ABI Prism 7000 sequence detection system (Applied Biosystems) as described previously (11) . Representative genes were selected based on their expression level, up-or downregulation, and fold change (11) . Primers used for qRT-PCR analysis are listed in Table S1 in the supplemental material. Expression levels of selected genes were normalized to that of dnaE, which was expressed to the same level in the biopsy specimens as in mid-log-phase organisms.
RNA-Seq data accession numbers. Data from the RNA-Seq experiments were deposited in the NCBI Gene Expression Omnibus (GEO) database under the accession numbers GSM1946558 (raw data, volunteer 412), GSM1946559 (raw data, volunteer 413), GSM1946560 (raw data, volunteer 437), GSM1946561 (raw data, volunteer 439), and GSE75236 (processed data).
RESULTS AND DISCUSSION
RNA-Seq analysis of experimentally infected pustules. To examine how H. ducreyi adapts to the environment of an abscess during human infection, we biopsied pustules from four volunteers experimentally infected with H. ducreyi 35000HP, isolated RNA, and determined the bacterial transcriptome using RNA-Seq. Each of the samples generated 372 to 397 million reads, of which 0.04 to 0.1% mapped to the H. ducreyi genome ( Table 1 ). The estimated average genome coverage ranged from 3.8-to 12.5-fold ( Table 1 ). The rank ordering of genes based on the raw read counts showed that nearly 80% of the genes had counts between 10 reads and 3,900 reads (data not shown). The coefficients of determination (R 2 ) of H. ducreyi gene expression between different pustule samples ranged from 0.68 to 0.82 (see Fig. S1 in the supplemental material).
Global gene expression analysis of H. ducreyi during in vitro and in vivo conditions. Multidimensional scaling showed that the transcriptional profile of H. ducreyi in vivo was distinct from the profiles of H. ducreyi grown in vitro to mid-log, transition, and stationary phases (P ϭ 0.007 by PERMANOVA) (Fig. 1) . A pairwise PERMANOVA analysis showed that, except for mid-logphase versus transition-phase comparisons, the in vivo and in vitro transcriptional profiles significantly differed from each other (see Table S2 in the supplemental material). Taken together, these data suggest that the transcriptome of H. ducreyi in vivo is distinct from those of in vitro-grown cells.
Differential gene expression by H. ducreyi between in vitro and in vivo conditions. To identify genes differentially expressed in vivo, we calculated the fold change in expression of genes in vivo relative to mid-log, transition, and stationary phases. Using an FDR of Յ0.1 and a 2-fold change as criteria for differential expression, 93, 168, and 385 genes were differentially expressed in vivo compared to mid-log, transition, and stationary growth phases, respectively (Fig. 2) . COG classification showed that the differentially expressed genes belonged to a variety of functional categories (Tables 2 and 3; also see Table S3 and S4 in the supplemental material).
Thirty-nine genes were commonly differentially expressed in vivo compared to expression in all three growth phases; of these, 32 were upregulated and 7 were downregulated (Fig. 2) . The 32 upregulated genes encode homologs of genes (hereafter referred to as genes for simplicity) involved in L-ascorbate utilization and metabolism, amino acid and transition metal transport, heat shock and growth arrest response, and DNA replication and repair (boldfaced in Table 3 ). Genes in the flp-tad operon, which are required for infection in humans, also were part of the 32 commonly upregulated genes ( Table 3 ). The 7 downregulated genes were scattered across a variety of functional categories (Table 3 ). The upregulation of 32 genes in vivo compared to all three growth phases suggests that these genes play important roles during human infection.
Comparison of H. ducreyi gene transcription in mid-logphase cells (the inoculum) and the abscess. In the human challenge model, volunteers are inoculated with mid-log-phase organisms. Therefore, we next asked how H. ducreyi gene transcription changes from that in mid-log phase to that in the abscess and focused on these transcriptional changes for the remainder of this study.
We first performed qRT-PCR to confirm the differential expression of select genes in vivo. Using dnaE as a reference gene, qRT-PCR confirmed the differential expression of 8/9 genes identified by RNA-Seq (Fig. 3) . While HD0673 was repressed 3.63-fold by RNA-Seq, it was not differentially expressed by qRT-PCR (1.01-fold) (Fig. 3) . The fold changes derived from RNA-Seq moderately correlated with the fold changes derived from qRT-PCR with a coefficient of determination of 0.6. Differential expression of genes involved in nutrient stress adaptation. Prominent among the upregulated genes were those that encode proteins involved in L-ascorbate utilization and metabolism (ulaABCD, ulaG, ulaR, ulaE, and ulaF) ( Table 3) . Escherichia coli can utilize L-ascorbate as an alternative carbon source using the ula pathway (28) . In the presence of glucose, UlaR inhibits the ula pathway; under glucose limitation and in the presence of L-ascorbate, UlaR activates the ula pathway (28, 29) . H. ducreyi in pustules also had increased the expression of a gene encoding the carbon starvation protein A (cstA), which is induced under glucose starvation in E. coli (Table 3 ) (30) . Pustules typically are anaerobic, and H. ducreyi upregulated two genes involved in anaerobic respiration and fermentation in vivo (dcuB2 and focA) ( Table 3 ) (31) (32) (33) (34) . Taken together, these data suggest that the in vivo environment is glucose limited and anaerobic and that H. ducreyi utilizes L-ascorbate as an alternative carbon source, perhaps to synthesize sugars for cell wall biogenesis and ribose-5-phosphate for nucleotide biosynthesis under these conditions.
If this is the case, what is the source of L-ascorbate in the ab- (Table 3) . Under anaerobic conditions, many bacteria metabolize citrate via the citrate fermentation pathway, which involves the uptake of citrate by a citrate transporter, the breakdown of citrate by citrate lyase into acetate and oxaloacetate, and the decarboxylation of oxaloacetate by oxaloacetate decarboxylase to pyruvate (36) (37) (38) . Pyruvate generated from the decarboxylation of oxaloacetate subsequently is metabolized to acetylcoenzyme A, which ultimately is converted by pyruvate formate lyase into ATP and formate (36) (37) (38) . The accumulation of formate results in significant reduction in intracellular pH, necessitating the excretion of formate out of the cell (39) . H. ducreyi upregulated three genes encoding different components of citrate lyase (citC, citD, and citE) and a gene encoding the formate transporter (focA) in vivo (Table 3) . In an alternative pathway, oxaloacetate is converted by malate dehydrogenase to L-malate and L-malate is converted by fumarate hydratase to fumarate, which is metabolized by fumarate reductase to succinate during fumarate respiration (31, 32, 40) . H. ducreyi also upregulated a gene encoding malate dehydrogenase (mdh) ( Another hallmark of the transcriptional response of H. ducreyi to the in vivo environment is the upregulation of genes involved in nutrient transport. Genes involved in the transport of transition metals such as iron and manganese (yfeA and yfeC) and magnesium and cobalt (corA) were elevated in vivo (Table 3) . Genes involved in the transport of amino acids (metN and tcyA) and peptides (cstA) also were elevated (Table 3) . These findings are consistent with the concept of nutritional immunity, in which vertebrate hosts sequester transition metals and nutrients as a defense against invading pathogens (41) . Collectively, these data suggest that the environment of an abscess contains a limited supply of transition metals and amino acids and that a Genes that are in a putative operon are indicated by identical operon identifiers (IDs).
b Genes that were differentially expressed in the biopsy samples compared to expression in all three growth phases are indicated in boldface. c dsDNA, double-stranded DNA; PTS, phosphotransferase system; ACP, acyl carrier protein.
FIG 3 qRT-PCR validation of the RNA-Seq data. The fold change in expres-
sion was calculated by comparing the gene expression in H. ducreyi harvested from pustules to those harvested from mid-log phase. The expression levels of target genes were normalized to that of dnaE. The data represent the mean ratio of transcript expression in four biopsy specimens divided by expression from four broth cultures used for the RNA-Seq study. As the samples were not paired, no standard deviations were calculated.
the scavenging of these nutrients helps H. ducreyi survival in this niche.
In addition to nutrient scavenging, genes involved in heat shock response, growth arrest/dormancy response, and DNA recombination also were induced in vivo. Specifically, the expression of genes encoding the heat shock protein DnaK (dnaK) and the cytoplasmic chaperones HslV and HslU (hslV and hslU) was elevated (Table 3) . Genes involved in growth arrest/dormancy response, such as the bacterial apoptosis protein LrgB (lrgB) and the bacterial high persistency antitoxin HipB (hipB), also were induced in vivo (Table 3) . In E. coli, the induction of genes involved in heat shock and growth arrest/dormancy responses is a hallmark of a nutrient stress response (42, 43) . Furthermore, transposase homologs were induced in vivo (HD0290, HD1612, HD1689, and HD1695) ( Table 3 ). The transposition of mobile elements is increased by nutrient stress in some other organisms (44, 45) . Thus, the upregulation of heat shock response, growth arrest response, and DNA transposition genes could be a secondary effect of nutrient stress.
Differential expression of genes required for virulence in humans. All 18 genes or operons known to be required for the full virulence of H. ducreyi in humans were expressed in vivo (13) (14) (15) (16) (17) 46) . However, H. ducreyi harvested from pustules only had relatively increased expression of hgbA and genes belonging to the flp-tad and lspB-lspA2 operons (Table 3) . hgbA encodes a protein required for hemoglobin uptake, the flp-tad locus encodes proteins involved in microcolony formation, and the lspB-lspA2 locus encodes proteins involved in the evasion of phagocytosis (47) (48) (49) (50) (51) . It was somewhat surprising that only 3 genes encoding virulence determinants were upregulated in vivo. One explanation is that the expression of hgbA and genes of the flp-tad and lspB-lspA2 operons is regulated by environmental cues and that the expression of the remaining essential genes is constitutive. In accordance with this hypothesis, hgbA expression is increased under heme-limiting conditions, which may be found in vivo. The expression of the flp-tad and lspB-lspA2 operons is increased in stationary phase, suggesting that the in vivo induction of these genes is in response to nutrient stress (13) . However, our methods only identified H. ducreyi genes that were differentially expressed at one time point from the entire population of bacteria in a lesion. The expression of other virulence determinants may be differentially regulated at other time points or in bacteria that occupy distinct microniches in the lesions. Surprisingly, H. ducreyi also upregulated a gene encoding the TonB-dependent heme receptor TdhA, which is not required for H. ducreyi infection in humans (8) .
Differential expression of putative sRNAs. Hfq is required for H. ducreyi virulence in humans (13) . In other organisms, Hfq functions by facilitating pairing of small RNAs (sRNAs) with mRNA targets, affecting their stability and/or translation (52) . Therefore, we asked if any of the putative sRNAs were differentially expressed during human infection. By examining the intergenic regions of the H. ducreyi genome, we identified 10 putative sRNAs; seven were homologous to known sRNAs, and three were unique to H. ducreyi (Table 4 ). Compared to mid-log phase, the bacterial small RNA SRP/Ffs homolog and HDsRNA06 were induced whereas the GcvB homolog and HDsRNA10 were repressed during human infection; the other sRNAs were not differentially regulated (Table 4) . In E. coli, GcvB is known to repress genes involved in amino acid transport and biosynthesis. Thus, the downregulation of a homolog of GcvB in H. ducreyi is consistent with the upregulation of genes involved in amino acid and peptide transport (53) .
Comparison of genes differentially expressed in vivo to those regulated by CpxR, Hfq, RpoE, (p)ppGpp, and DksA. We recently defined the genes differentially regulated by CpxR, RpoE, Hfq, (p)ppGpp, and DksA in H. ducreyi. These regulons were determined by comparing a CpxR-activating mutant to a cpxR deletion mutant by the overexpression of RpoE relative to the wild type or by comparing hfq, relA spoT, and dksA mutants to the wild type (11) (12) (13) (14) . The hfq, relA spoT, and dksA deletion mutants and the CpxRA-activating mutant all downregulated multiple virulence determinants and were attenuated for virulence in humans (13) (14) (15) 17) . Comparison of 93 genes differentially expressed between mid-log-phase bacteria and the abscess to the 119 CpxR-dependent genes showed an overlap of 6 genes, to the 180 RpoE-dependent genes showed an overlap of 12 genes, to the 282 Hfq-dependent genes showed an overlap of 10 genes, to the 148 (p)ppGpp-dependent genes showed an overlap of 15 genes, and to the 58 DksA-dependent genes showed no overlap. None of these comparisons achieved statistical significance by chisquare analysis. The lack of overlap may be because these regulons were determined by comparing differential gene expression in strains where the regulator was either present or induced to that of a strain where the regulator was either absent (54) (55) (56) (57) (58) (59) (60) . Several of these studies reported the upregulation of genes involved in the transport of transition metals, peptides, and amino acids during human infection. Taken together with our study, these data suggest that nutrient limitation is a general phenomenon during human infection, consistent with the concept of nutritional immunity (41) .
All of the above-described studies were performed on samples collected from naturally infected patients. Such studies have limitations, such as person-to-person variability in the infecting bacterial strains, in host immune status, and in the stage of disease and the lack of control samples that allow the determination of differential gene expression in vivo. With the exception of S. aureus and M. tuberculosis studies, the transcriptomes for all of the abovedescribed pathogens were determined using lavage, urine, stool, or swab samples instead of infected tissue; these samples may not recapitulate gene expression at the site of infection. In the S. aureus study, the in vivo transcriptomes were not compared to the in vitro transcriptome of the infecting strain isolated from each patient but were compared to the in vitro transcriptome of a reference strain belonging to the USA300 clone, which displays intraclonal genetic variability (61) . In the M. tuberculosis study, the tissue samples were obtained from patients who had received antituberculosis chemotherapy; as discussed by the authors, the antibiotics may have influenced the in vivo gene expression profile.
Our model overcame several of these limitations, in that we infected healthy adults with a single bacterial strain to a defined stage of disease and determined baseline gene transcription from the infecting strain. Although we did not determine the transcriptomes of the actual inocula used to infect these volunteers, we did determine the in vitro transcriptome of 35000HP grown under conditions identical to those of the human inoculation experiments. As stated previously, limitations of our study are that we determined the transcriptome at one time point from an entire excised lesion and we did not capture changes in transcript expression over time or from bacteria that occupy different niches within the lesion.
Genes differentially expressed in biopsy specimens compared to stationary phase. Compared to that in stationary phase, 385 genes were differentially expressed in biopsy specimens; of these, 189 genes were upregulated and 196 genes were downregulated (Fig. 2) . Approximately four times more genes were differentially expressed when the bacteria from biopsy specimens were compared to stationary-phase bacteria than when the bacteria from biopsy specimens were compared to mid-log-phase bacteria; only 43 differentially expressed genes were common to two comparisons (Fig. 2) . These differences likely are due to differences in nutrient availability under the two in vitro growth conditions. Similar to the biopsy specimen versus mid-log-phase comparison, several of the genes upregulated in bacteria from the biopsy specimens compared to that with stationary-phase bacteria encode proteins involved in L-ascorbate utilization, nutrient transport, DNA transposition, stress response, anaerobiosis, and respiration (including lactate dehydrogenase), as well as HgbA and the FlpTad locus proteins, which are required for human infection (see Table S4 in the supplemental material) (8) . Unlike results of the comparison between in vivo and mid-log-phase-grown bacteria, lspB was not differentially expressed, and dsrA, which is required for human infection and encodes the H. ducreyi serum resistance determinant, was upregulated in vivo compared to stationaryphase bacteria (see Table S4 ).
Conclusions. In summary, our data demonstrate that H. ducreyi gene expression in vivo does not resemble that of in vitro growth and that the adaptation of H. ducreyi to the pustular environment primarily involves the activation of a genetic program geared toward the acquisition of alternative carbon sources, such as ascorbic acid, and adaptation to nutrient stress and anaerobiosis. Future studies will focus on characterizing the genes that promote adaptation to the host environment and their potential contributions to H. ducreyi pathogenesis and on studying the interaction between the bacterial transcriptome and that of the host by dual RNA-Seq (62) . We thank the volunteers who contributed samples to this study and Margaret Bauer, David Nelson, Julia J. van Rensburg, Lana Dbeibo, and Meenal Mulye for their valuable discussions and thoughtful criticism of the manuscript.
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